Recycling of endocytosed membrane proteins involves passage through early endosomes and recycling endosomes. Previously, we demonstrated a role for clathrin-coated vesicles in transferrin receptor recycling. These clathrin-coated vesicles are formed from recycling endosomes in a process that was inhibited in dynamin-1 G273D -overexpressing cells. Here we show a second transferrin recycling pathway, which requires phosphatidylinositol 3-kinase activity. Two unrelated phosphatidylinositol 3-kinase inhibitors, LY294002 and wortmannin, retained endocytosed transferrin in early endosomes but did not affect transfer through recycling endosomes. The inhibitory effects of LY294002 and dynamin-1 G273D on transferrin recycling were additive. In combination with brefeldin A, a drug that prevents the formation of clathrin-coated buds at recycling endosomes, LY294002 inhibited transferrin recycling synergistically. Collectively, these data indicate two distinct recycling pathways. One pathway involves transfer from early endosomes to recycling endosomes, from where clathrin/dynamin-coated vesicles provide for further transport, whereas the other route bypasses recycling endosomes and requires phosphatidylinositol 3-kinase activity.
which in some cell types, but not all, is concentrated in the perinuclear area as the so-called recycling compartment (5, 6) . A significant fraction of endocytosed TfR seems, however, to bypass RE and recycle directly from EE (4, (7) (8) (9) (10) (11) . The functional significance of this bifurcation into two distinct recycling pathways and the mechanistic relationship between EE and RE are poorly understood (4, 7, 9, (11) (12) (13) . In polarized cells, however, RE are instrumental for sorting TfR away from apical destined receptors and selective transfer to the basolateral plasma membrane (14 -16) . Endosomal tubules generate clathrin-coated vesicles (17) that in polarized cells have been proposed to carry TfR to the basolateral plasma membrane (14) . For nonpolarized cells, we recently demonstrated that a significant fraction of endocytosed Tf is recycled to the plasma membrane by clathrin-coated vesicles that bud from RE in a dynamindependent manner (18). Cells overexpressing dynamin-1 G273D (dyn ts ), a temperature-sensitive dynamin mutant, accumulated dyn ts -carrying clathrin-coated buds on RE and retained ϳ30% of endocytosed Tf in this compartment at the nonpermissive temperature. Whether TfR is actively or passively incorporated into RE-derived clathrin-coated vesicles remains, however, unclear (4, 8, 18, 19) .
The distinction between EE and RE is mainly based on their morphology, the flow of cargo molecules, and their spatial distribution within cells. The organizational complexity of the endosomal system is illustrated further by the distribution of Rab GTPases that regulate endocytosis and recycling. Rab5 regulates transfer from the plasma membrane to EE, whereas Rab4 (16, 20) and Rab11 (21) (22) (23) are implicated in TfR recycling. Rab11 is primarily found in association with RE and the trans-Golgi network and regulates trafficking through these compartments (22) (23) (24) . Rab4, on the other hand, is found on both EE and RE, but it remains unclear precisely which recycling pathway is regulated by this GTPase (25) . Rab5, Rab4, and Rab11 are often distributed into distinct domains within the same endosome (13, 24) , indicating that EE and RE cannot simply be viewed as preexisting distinct compartments. This idea is also supported by the recent observation that Rab11-containing RE seem to be generated directly from peripheral EE (11) .
Phosphatidylinositol 3-kinases (PI 3-kinases) are required for a wide range of cellular processes, including membrane traffic (26, 27) . The PI 3-kinase inhibitors wortmannin (WM) and LY294002 (LY) reduced the rate of Tf recycling (28 -33) , as did microinjected antibodies that inhibit p110␣, the catalytic subunit of one of the class I PI 3-kinases (34) . Conversely, activation of class I PI 3-kinase activity by the insulin receptor accelerates the recycling of TfR and other receptors (35, 36) . Recently, it was reported that WM inhibits rapid, but not slow, recycling of the TfR and the AT 1 angiotensin II receptor (32) . Collectively, these data indicate that PI 3-kinase is rate-limiting in a constitutive recycling pathway. In the current study, we provide evidence for two co-existing TfR recycling path-ways. One of these involves EE and RE and depends on clathrin-coated vesicles and dynamin function, whereas the other pathway bypasses RE and requires PI 3-kinase activity.
EXPERIMENTAL PROCEDURES
Cell Culture-Parental tTA-HeLa cells (37) and stably transformed tTA-HeLa cells with tightly regulated expression of hemagglutinintagged wild type dynamin-1 (dyn wt ) or dyn ts (38) were generously provided by Dr. Schmid (Scripps Research Institute, La Jolla, CA) and cultured as described (18).
Confocal Laser-scanning Microscopy-dyn wt and dyn ts cells were grown on glass coverslips and incubated for 60 min in transport medium (minimum essential medium buffered with 20 mM Hepes/NaOH, pH 7.4, 0.1% bovine serum albumin) containing 20 g/ml Tf conjugated to ALEXA fluor 594 (Tf-A594; Molecular Probes, Inc., Eugene, OR) in the presence or absence of 100 M LY (Biomol) at either 16 or 38°C. Plasma membrane-associated Tf-A594 was removed at 0°C as described (17) (see also below), and cells were either fixed directly (for 30 min at room temperature in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.6) or chased for 5-10 min at 38°C in the continued presence or absence of LY and then fixed. Fixed samples were quenched by 50 mM NH 4 Cl in PBS, permeabilized for 15 min in PBS containing 2% bovine serum albumin and 0.1% saponin, and immunolabeled with monoclonal anti-EEA1 (Transduction Laboratories) followed by fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Jackson). To demonstrate Tf transport through EE and RE, cells were first labeled with Tf-A594 (20 g/ml) for 1 h at 38°C, after which plasma membraneassociated Tf-A594 was removed at 0°C. Cells were then labeled with ALEXA fluor 488-conjugated Tf (Tf-A488; Molecular Probes) (20 g/ml) in the presence or absence of LY for 1 h at 16°C. Plasma membraneassociated Tf-A488 was removed, and cells were either fixed directly or reincubated for 10 -30 min at 38°C in the continued presence or absence of LY and then fixed. Coverslips were washed and embedded in Mowiol containing 2.5% 1,4-diazobicyclo[2.2.2]octane (Sigma) and studied by confocal laser-scanning microscopy using a Leica TCS 4D system.
Whole Mount Immunocytochemistry-Whole mount immunocytochemistry was performed as described (17, 18 ) with minor modifications. Nontransfected tTA HeLa cells were cultured on grids, washed with transport medium, and then incubated in the presence of 25 g/ml horseradish peroxidase-conjugated Tf (Tf/HRP) for 1 h at 37°C. When indicated, 100 M LY was present during the last 30 min of labeling. Clathrin was labeled using rabbit polyclonal anti-clathrin antibodies kindly provided by Dr. Corvera (University of Massachusetts, Worcester, MA), and endogenous dynamin was labeled using monoclonal HUDY-1 (Upstate Biotechnology, Inc., Lake Placid, NY).
125
I-Tf Uptake and Recycling Assays-Uptake assays were performed essentially as described previously (18). Cells were first depleted from serum Tf by extensive washing followed by a 30-min incubation in transport medium in a water bath at 30°C. Tf-depleted cells were then preincubated in transport medium for 30 min at 38°C in the presence or absence of 100 M LY. Subsequently, 125 I-Tf (2 g/ml) was endocytosed at 38°C in the continued presence or absence of LY as indicated. Nonbound ligand was removed by extensive washing at 0°C. Plasma membrane-bound 125 I-Tf was collected at 0°C by 10-min incubations at pH 5.0 (20 mM MES, pH 5, 130 mM NaCl, 50 M Desferal, 2 mM CaCl 2 , and 0.1% bovine serum albumin) and pH 7.4 (transport medium containing 50 M Desferal) subsequently. Internalized 125 I-Tf was expressed as percentage of total cell-associated 125 I-Tf (intracellular plus plasma membrane). The data were corrected for nonspecific cell-associated 125 I-Tf (Ͻ10%) as determined in parallel experiments in which an excess (200 g/ml) of nonlabeled Tf was present during loading.
Recycling of 125 I-Tf was measured basically as described (18). In short, cells were loaded with 2 g/ml 125 I-Tf at 16 or 38°C in the presence or absence of 100 M LY, 30 -100 nM WM (Sigma), or 10 g/ml brefeldin A (BFA) (Sigma). The cells were then washed at 0°C, and plasma membrane-associated 125 I-Tf was removed as indicated above. Loaded cells were then chased at 38°C in the presence or absence of LY, WM, or BFA to allow recycling, and the release of 125 I-Tf was determined. When indicated, LY was removed during the chase from the cells by rapid washing at 38°C. The data were corrected for nonspecific 125 I-Tf (Ͻ10%) as determined in parallel experiments in which an excess (200 g/ml) of nonlabeled Tf was present during loading.
RESULTS

PI 3-Kinase Inhibitors Delayed the Exit of Tf from EE but Did
Not Interfere with Transport through RE-Cells that overexpressed a dominant negative dynamin-1 mutant (dyn ts ), but not cells that overexpressed wild type dynamin-1 (dyn wt ), retained ϳ30% of endocytosed 125 I-Tf in RE as a consequence of impaired budding of clathrin-coated vesicles from this compartment (18). We now demonstrate a second, dynamin-independent, TfR recycling pathway that requires PI 3-kinase activity. It has been well established that the PI 3-kinase inhibitor WM decreases the efficiency of TfR recycling (29 -33, 35) . WM effectively inhibits PI 3-kinases at 100 nM but also inhibits PI 4-kinase and myosin light chain kinase activities at higher concentrations (39, 40) . Furthermore, WM is relatively unstable in aqueous media and inhibits PI 3-kinases irreversibly. In contrast, the structurally unrelated compound LY is a reversible specific inhibitor of PI 3-kinase activity and stable in aqueous solutions (41) . To study the role of PI 3-kinase on the steady state distribution of TfR, dyn wt and dyn ts cells were loaded to equilibrium for 1 h at 38°C with Tf-A594 either in the presence or absence of WM or LY. Plasma membrane-associated Tf-A594 was removed at 0°C, and the cells were fixed, permeabilized, and immunolabeled for EEA1, a marker for EE. Association of EEA1 with EE and the entry of Tf-A594 into EEA1-labeled EE were not affected by LY ( Fig. 1 ; also see "Discussion") or WM. 2 For dyn wt cells in the absence of LY, the majority of endocytosed Tf-A594 was already sorted from EEA1-positive EE (Fig. 1 , A-C) due to a rapid transit through these compartments. In the presence of LY, however, endocytosed Tf-A594 accumulated in EEA1-positive compartments ( Fig. 1, D-F) , suggesting a delayed efflux from EE. For dyn ts cells in the absence of LY, the majority of endocytosed Tf-A594 resided in RE, as characterized by their perinuclear location, tubular appearance, and lack of EEA1, whereas only little was detected in EEA1-positive EE (Fig. 1 , G-I) (18). This distribution is consistent with the notion that endocytic uptake as well as recycling from RE were strongly inhibited by dyn ts at 38°C (18). LY did not interfere with the tubulation of RE or with the accumulation of Tf-A594 in tubular perinuclear EEA1-negative RE in dyn ts cells (Fig. 1 , J-L). Thus, dyn ts cells accumulated Tf predominantly at RE, irrespective of the presence of LY, suggesting that transport from EE to downstream RE was not affected by LY.
To study the transit of Tf through EE directly, cells were pulse-loaded with Tf-A594 at 16°C, a temperature that is permissive for Tf uptake by both dyn wt and dyn ts cells but does not allow efflux from EE (18) (see Ref. 21 and references therein). After loading for 1 h at 16°C in the presence or absence of LY, cell surface-associated Tf-A594 was removed at 0°C. The cells were either fixed directly after loading or chased for 5 or 10 min at 38°C in the continued presence or absence of LY and then fixed. Fixed cells were permeabilized and immunolabeled for EEA1. After uptake at 16°C, Tf-A594 localized predominantly to EEA1-labeled EE in both dyn wt ( Fig. 2A ) and dyn ts cells (Fig. 2G ). In the absence of LY within 5 min at 38°C, almost all Tf-A594 was chased out of EEA1-labeled EE in both dyn wt ( Fig. 2B ) and dyn ts cells (Fig. 2H ). Within a 10-min chase, dyn wt cells recycled most Tf-A594 with the remaining label localizing to EEA1-negative RE (Fig. 2C ). As expected, dyn ts cells retained Tf-A594 in RE after a 10-min chase (Fig. 2I ). LY did not interfere with the loading of EEA1-positive EE at 16°C (Fig. 2, D and J) . During the chase, depletion of this compartment was delayed in both dyn wt ( Fig. 2 , E and F) and dyn ts cells (Fig. 2 , K and L) by at least 5 min, indicating that the efflux from EE requires PI 3-kinase activity.
To test whether Tf transport through RE requires PI 3-kinase activity, we performed experiments in which cells were labeled with two subsequent pulses of distinctly marked Tf species. Cells were first labeled with Tf-A594 (red) to equilibrium for 1 h at 38°C. Plasma membrane-associated Tf-A594 was removed at 0°C, and the cells were then incubated at 16°C with Tf-A488 (green) either in the presence or absence of LY to label EE only. Cell surface-associated Tf-A488 was removed at 0°C, and the cells were either fixed directly or chased at 38°C in the continued presence or absence of LY and then fixed. Directly after the Tf-A488 pulse, EE were characterized by the presence of both Tf-A594 and Tf-A488 (yellow), endocytic vesicles proximal to EE with Tf-A488 only (green), and RE by Tf-A594 only (red) (Fig. 3, left column) . RE were predominantly, but not exclusively, located in the perinuclear area. In the absence of LY293002, dyn wt cells recycled most of the labeled Tf species within a 10-min chase at 38°C (Fig. 3B) . In the presence of LY, however, peripheral endosomes retained both markers, whereas RE were largely depleted (Fig. 3D) , indicating that the exit from EE, but not from RE, was affected. In dyn ts cells, mixed populations of Tf-A594 and Tf-A488 persisted in perinuclear RE after 10 or 30 min of chase, 3 in the absence (Fig. 3F) or presence of LY (Fig. 3H) . Similar results were obtained when LY was replaced by 30 -100 nM WM. Collectively, these data indicate that PI 3-kinase inhibitors reduced the efflux of Tf from EE but not transport to and from RE.
Ultrastructural Changes of Endosomes as a Consequence of PI 3-Kinase Inhibition-To study the effect of PI 3-kinase inhibitors on endosome morphology in more detail, we performed whole mount immunoelectron microscopy (17) (Fig. 4) . Nontransfected HeLa cells were cultured directly on grids and incubated in the presence of Tf/HRP for 60 min at 37°C to load endosomes with peroxidase activity. LY was either absent or present during the last 30 min of uptake. After loading, the cells were incubated at 0°C in the presence of DAB, an HRP substrate that diffuses through membranes and is polymerized in Tf/HRP-containing endosomes. With this procedure, endosomes were selectively fixed and filled with electron-dense DAB polymer. The cells were then permeabilized with saponin, fixed with aldehydes, and immunolabeled with colloidal gold (17, 18) . Consistent with the fluorescent images (Figs. 1-3) , the diameter of endosomal vacuoles increased significantly during LY treatment (Fig. 4, A and B, arrowheads) , whereas the morphology of the tubular RE did not notably change. Similar observations were made for WM-treated cells. 3 TfR-containing tubular RE contained many 60-nm buds that were coated with endogenous dynamin-2 and clathrin ( Fig. 5A ; see also Ref. 18 ). Clathrin/dynamin-coated buds persisted in the presence of LY (Fig. 5, A and B) and WM, 3 consistent with the observation that Tf recycling from RE was insensitive to PI 3-kinase inhibitors. (Fig. 6A) . At 16°C, uptake was slowed down compared with 38°C but insensitive to dyn ts and LY (18). 3 In conclusion, TfR uptake was dependent on dynamin but not on PI 3-kinase activity.
To measure recycling, 125 I-Tf was first endocytosed and accumulated in EE at 16°C, either in the presence or absence of LY. After uptake, plasma membrane-associated 125 I-Tf was removed at 0°C. The cells were then chased at 38°C in the continued presence or absence of LY to allow recycling of internalized 125 I-Tf. Consistent with previous observations (18), dyn ts cells retained ϳ30% of 125 I-Tf at 38°C (Fig. 6B ). In the presence of LY, the initial rate of 125 I-Tf recycling by dyn wt was reduced 2-fold and did not proceed by first order kinetics (Fig. 6B) . Recycling by dyn ts cells was inhibited strongly by LY, with ϳ70%
125 I-Tf remaining intracellular after a 60-min chase (Fig. 6B) . The inhibitory effects of LY and dyn ts were slightly synergistic. Similar results were obtained when LY was substituted by WM.
3
Two Recycling Pathways-A single linear recycling pathway in which LY and dyn ts partially inhibited subsequent transport steps potentially could explain the combined effects of LY and dyn ts on 125 I-Tf recycling. dyn ts requires Ͼ5 min to become fully inhibitory when cells are transferred to 38°C (38) . Hence, in case transport from EE to RE would have been delayed by LY, dyn ts would have had more time before 125 I-Tf arrived at RE to become fully inhibitory. To test this scenario, we measured the reversibility of the LY effect. When LY was present during loading at 16°C but absent during the chase, dyn wt ( Fig. 6C ) and dyn ts cells (Fig. 6D ) recycled 125 I-Tf comparably with cells that did not see LY during the entire experiment, illustrating that the effect of LY on EE was reversed upon removal of the drug. When LY was removed after 10 min of chase at 38°C, recycling was boosted and continued with kinetics comparable with control conditions (Fig. 6, C and D) . Thus, LY did not increase the amount of 125 I-Tf trapped at the dyn ts block, arguing against a single linear recycling pathway.
In the alternative model, Tf is recycled by two parallel path- ways, with one depending on PI 3-kinase activity and the other on dynamin function. In this model, interference with one of the pathways may shunt 125 I-Tf into the alternative pathway. The slight synergistic inhibitory effects of LY and dyn ts on 125 I-Tf recycling (Fig. 6B) suggests, however, that at these experimental conditions the pathways compensated each other's loss of function to a minor extent only. The rather complete recovery of recycling by dyn ts cells upon removal of LY after a 10-min chase (Fig. 6D ) or 20-min chase (Fig. 6E ) also indicates that 125 I-Tf was not efficiently shunted from the PI 3-kinasedependent pathway into the dynamin-dependent pathway during LY treatment. Conversely, ϳ30% of endocytosed 125 I-Tf was retained intracellularly by dyn ts cells (18) (Fig. 6B ) and thus also not rerouted into the PI 3-kinase-dependent pathway.
Given the sensitivity of the dynamin/clathrin-dependent Tf recycling pathway for BFA (17, 18 ), BFA and LY should have additive if not synergistic inhibitory effects on Tf recycling. The mechanistic difference between BFA and dyn ts is that BFA prevented the assembly of clathrin coats on endosomes, whereas dyn ts interfered with pinching and hence accumulated clathrin-coated buds on endosomes. dyn ts cells failed to recycle ϳ30% of endocytosed 125 I-Tf after 60 min of chase. In contrast, nontransfected cells recycled nearly all 125 I-Tf in the presence of BFA, despite a reduced recycling rate (Fig. 7) . One interpretation of these data is that in dyn ts cells 125 I-Tf was trapped in "frozen" endosome-associated clathrin-coated buds, whereas in BFA-treated cells all 125 I-Tf may eventually be shunted into the alternative pathway. In this scenario, BFA and LY can be expected to inhibit recycling synergistically. This was indeed observed (Fig. 7) . Similar results were obtained for the concom- itant presence of BFA and WM. 3 The effects of BFA and LY on nontransfected HeLa cells (Fig. 7B) were similar to those on dyn wt cells (Fig. 7A) , indicating that overexpression of dyn wt did not influence the PI 3-kinase requirement. These data are consistent with two distinct recycling pathways that, depending on the experimental conditions, can compensate for each other's loss of function. LY Did Not Affect Transport from RE-To investigate the effect of LY on the exit of Tf from RE we took advantage of the observation that at 38°C dyn ts cells accumulated Tf almost exclusively in RE (Fig. 1) . This was due to the combined consequences of reduced uptake, unaffected transport through EE, and inhibited efflux from RE (18). After loading at 38°C, cells were stripped at 0°C from surface-associated 125 I-Tf and chased at 38°C. For dyn wt cells, the inhibitory effect of LY on 125 I-Tf recycling at 38°C was less pronounced when loaded at 38°C (Fig. 6F) compared with 16°C (Fig. 6B) , as a consequence of a relative low amount of 125 I-Tf in EE after loading at 38°C. dyn ts cells retained only ϳ30% of endocytosed 125 I-Tf in the absence of LY, despite its predominant presence in RE after loading at 38°C. The lack of full retention in this experimental setup is probably a consequence of the Ͼ5-min delay with which dyn ts became fully inhibitory during the chase at 38°C after surface stripping at 0°C (18, 38). Importantly, LY displayed no additional inhibitory effect on 125 I-Tf recycling by dyn ts cells after loading at 38°C (Fig. 6F) , indicating that PI 3-kinase is not rate-limiting for transport from RE to the plasma membrane.
DISCUSSION
In our previous study, we demonstrated that dyn ts -overexpressing cells failed to recycle ϳ30% of endocytosed Tf at the nonpermissive temperature due to interference with the formation of clathrin-coated vesicles from RE (18). Experimental limitations did not allow us at that time to determine the fraction of TfR that recycled via this pathway. A simple interpretation of these data was that TfR might recycle via a single pathway and that interference by dyn ts was inefficient. Based on the current data, however, we now conclude that there are two recycling pathways. To our knowledge, this is the first study in which two independent TfR recycling pathways have been characterized by interference (Fig. 8) . A considerable fraction of endocytosed TfR is, after entry into EE, regurgitated via RE in a process that involves the budding of dynamin-dependent clathrin-coated vesicles from this compartment. Another fraction is recycled directly from EE in a PI 3-kinase dependent manner. Several arguments are in favor of two recycling pathways rather than a single route. First, PI 3-kinase and dynamin function at distinct sites. dyn ts cells accumulated endocytosed Tf in RE, whereas LY-treated cells retained Tf in EE (18) (Figs. 1-3 and 6 ). LY did not interfere with Tf transport from EE to RE (Figs. 1-3 and 6, C and D) or with transport from RE to the plasma membrane (Figs. 3 and 6F) . Conversely, dyn ts did not affect the clearance of Tf from EE (Fig. 2, H and  I) . Second, in dyn ts cells, RE were increased in length and accumulated clathrin-coated buds, whereas EE were unaffected (18). On the other hand, LY did not touch the phenotype of RE, whereas the diameter of EE was significantly increased (Figs. 4 and 5) . Third, the inhibitory effect of LY on Tf recycling by dyn wt cells was reversed when the drug was removed directly after loading or after 10 or 20 min of chase (Fig. 6 , C and E), indicating that Tf was not misdirected to compartments other than EE as a consequence of the LY treatment. LY also did not increase the amount of Tf trapped at the dyn ts block, arguing against the possibility that LY might have delayed arrival of Tf at RE, thereby buying time for the dyn ts to become more effective once the cells were shifted to 38°C (Fig. 6, D and  E) . Finally, despite a complete inhibition of clathrin-coated bud formation on RE (17) , BFA had only a moderate effect on the rate and almost no effect on the extent of Tf recycling. The most plausible explanation is that when the recycling pathway from RE is blocked by BFA, nearly all Tf is shunted into the PI 3-kinase-dependent recycling pathway. In this scenario, BFA and LY should have strong synergistic inhibitory effects on recycling, and this was indeed observed (Fig. 7 ).
An involvement of RE in Tf recycling has clearly been demonstrated (4, 7, 9, 12) , but kinetic evidence for a second pathway that bypasses RE has been generated too. In nonpolarized cells, a relative fast recycling pathway has been marked most clearly with fluorescent lipid analogs (42) but has also been observed for recycling high density lipoprotein (43) and for Tf in reticulocytes (44) and CHO cells (11) . Sheff and co-workers (11) recently fitted Tf recycling data from CHO cells in a mathematical model that describes two recycling pathways. In this model, ϳ25% of endocytosed Tf recycled via RE, and the other ϳ75% recycled directly from EE with a relatively high rate. The kinetics of Tf transport through polarized Madin Darby canine kidney cells were also fitted into a model with two distinct recycling pathways (16) . Finally, it was recently demonstrated in HEK 293 cells that WM interferes with fast recycling of TfR and the AT 1 angiotensin receptor, whereas a slow recycling was unaffected (32) . Our data are consistent with these models except that in HeLa cells the kinetics of the two pathways were rather comparable. dyn ts cells retained 30% of endocytosed Tf, but the recycling rate of the other 70% was unchanged (18). This can be accounted for when the rates of Tf recycling through dynamin-dependent and LY-sensitive pathways are similar. This was indeed observed, except that Tf recycling by dyn wt cells was delayed by ϳ5 min in the presence of LY and thus did not occur with first order kinetics. The relative rapid clearance of Tf from RE in HeLa cells is also consistent with a much less pronounced perinuclear location of RE in HeLa cells compared with CHO and Madin Darby canine kidney cells. Tubular RE are usually not connected to EE and, in contrast to EE, predominantly concentrated in the perinuclear area. The degree at which RE accumulate in the perinuclear area is, however, highly variable between cell types, and the relation between EE and RE is still poorly understood. One view is that EE and RE are distinct compartments that are connected by vesicular transport intermediates (5, 45) . Alternatively, RE may be formed as tubular extensions of vacuolar EE, from which they detach as a tubule and then migrate to the perinuclear area. Consistent with this idea, it has recently been demonstrated that RE can be formed de novo in the cell periphery (11, 13) and that Rab5 and Rab11, markers of EE and RE, respectively, are often present in distinct domains within the same continuous endosome (13) . Using whole mount electron microscopy, we detected TfR-containing endosomal tubules that were connected to EEA1-labeled vacuoles, but most peripheral tubular endosomes were not continuous with vacuolar EE.
2 This is consistent with a model in which RE are formed directly from EE by the detachment of tubular extensions without the requirement of vesicular intermediates. The appearance of tubular endosomes in the cell periphery was not changed by LY (Figs. 1L and 4B ), in accordance with the observation that transfer of Tf to RE was not affected (Figs. 1-3  and 6D ).
The effects of WM and LY were indistinguishable in our study. WM and LY are unrelated compounds that mechanistically interfere distinctly with PI 3-kinase kinase activity. The advantage of LY compared with WM is, however, that its inhibitory effect is more specific for PI 3-kinases and reversed upon removal of the drug (41, 46) . Our data are consistent with other reports that demonstrated reduced Tf recycling rates in the presence of WM (28 -33) . Further evidence for the requirement of PI 3-kinase activity in TfR recycling was obtained in a study in which microinjected inhibitory antibodies directed against the p110␣ subunit of class I PI 3-kinase decreased Tf recycling, whereas antibodies against hVPS34, a class III PI 3-kinase, had minor inhibitory effects (34) . Conversely, activation of class I PI 3-kinase by the insulin receptor enhances the rate of recycling of TfR and other receptors (35, 36, 47, 48) . Like class I PI 3-kinases, hVPS34 is inhibited by WM and LY. VPS34 activity is required in vitro for a prolonged and stable association of EEA1 with EE (49) . EEA1 is a Rab5 effector required for endosome tethering prior to fusion (50, 51) and associates with EE through the interaction of its FYVE domain with phosphatidylinositol triphosphate. Although in some studies PI 3-kinase inhibitors disrupted the association of EEA1 with endosomes (49), binding is often found to be resistant to these drugs. Indeed, endosome fusion persists and may even be enhanced in the presence of PI 3-kinase inhibitors (33, (52) (53) (54) (55) (Figs. 1-3 ). This can be explained by a reduced membrane association of p120 Ras GTPase-activating protein (55) . The resulting increase in Rab5-GTP can then stabilize the membrane association of EEA1, even when PI 3-kinase is inhibited (53) . The formation of vesicles within multivesicular bodies is dependent on hVPS34 activity, and interference with the formation of multivesicular body internal vesicles by PI 3-kinase inhibitors is one of the causes of EE swelling (46, 52, 57) . EE swelling occurs, however, also as a consequence of interference with the recycling of membrane from EE (29, 33, 52) . Retention of TfR in EE and swelling of this compartment in response to WM or LY, as demonstrated in this study, are consistent with these observations.
The only TfR trafficking step that was severely affected by LY was direct transport from EE to the plasma membrane. Despite accumulating evidence for a direct pathway from EE to the plasma membrane, the nature of this pathway remains unresolved. Although transport vesicles that shuttle directly from EE to the plasma membrane could be involved, such vesicles have not been identified. Alternatively, recycling may occur through direct fusion of EE with the plasma membrane. In a similar way, multivesicular bodies have been demonstrated to fuse directly with the plasma membrane, resulting in the release of their internal vesicles, called exosomes, into the extracellular milieu (58) . At this point, we can only speculate on the nature of the PI 3-kinase-dependent protein(s) that are required for direct TfR recycling. Potential players that require PI 3-kinase products for their recruitment to endosomes include FYVE, phox homology, or pleckstrin homology domaincontaining proteins (56, 59, 60) . Alternatively, inositol 3-phosphates could serve as precursors for other inositides that may be essential for this pathway. Molecular mechanisms that drive endocytic recycling are still relative poorly understood, possibly due to the complexity and plasticity of the system in which parallel pathways play an important role. The demonstration that two TfR recycling pathways can be manipulated independently provides new possibilities to investigate these routes further at the molecular level.
